respectively. For those with liver diseases or LCAT deficiency, the corresponding fractions correlated less well, and characteristically the elution profile of lipoproteins in these groups showed heterogeneity of particle size within each Iipoprotein density class, especially in LDL and HDL2.
examined and the results compared with those by a sequential ultracentrifugal floatation technique. In the normal group, the amounts of fractions 2, 3, and 4 by the HPLC method correlated well with concentrations of the LDL, HDL2, and HDL3 fractions as measured by the ultracentrifugal method, respectively. In the hyperlipidemic group, similar good correlations were observed between fractions 1, 2, 3, 4 and chylomicrons + VLDL, LDL, HDL2, and HDL3 fractions, respectively. For those with liver diseases or LCAT deficiency, the corresponding fractions correlated less well, and characteristically the elution profile of lipoproteins in these groups showed heterogeneity of particle size within each Iipoprotein density class, especially in LDL and HDL2.
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Serum lipoproteins
can be separated by using HPLC with aqueous gel permeation columns (1) (2) (3) .
By this technique, serum lipoproteins are separated according to their particle sizes and lipid components are detected continuously by an enzymatic method. Procedures for quantifying cholesterol (4, 5), choline-containing phospholipids (6, 7), and triglycerides (8) in each lipoprotein class have been described elsewhere. With this technique, the lipid concentration in each fraction can be measured in a small volume of serum (10-20 p.L) within 50 mm.
Because resolution by this technique is better than with ordinary gel filtration (9-12), various lipoprotein variants as well as the major lipoprotein classes can be detected by choosing an appropriate combination of gel permeation columns (7). Of various column systems, the combined system composed of G4000SW and G3000SW was found to be the most suitable for separating serum lipoproteins into the following major density classes: chylomicrons + VLDL, LDL, HDL2, and HDL3 (6. 7). 
Materials and Methods
Equipment
For HPLC we used a high-speed chemical derivatization chromatograph (HLC 803; Toyo Soda Mfg. Co., Japan) as described previously (4, 5) , except that an enzymatic reaction took place in a Teflon tube (0.5 mm id. x 1000 or 2000 cm) in a thermostated water bath. For ultracentrifugation we used a Beckman 40.3 rotor in a preparative ultracentrifuge (Model L8-55; Beckman Instruments Corp., Fullerton, CA). After centrifugation, the lipoproteins in the top layer were collected with a tube slicer (Beckman).
Samples
Human sera used in this study were obtained from ostensibly normal men and women, hyperlipidemics, and patients with various liver diseases or LCAT deficiency. Samples were collected after 12-16 h of fasting, stored at 4 #{176}C, and analyzed within one week. Proteins used as standards for calibrating particle diameter were thyroglobulin, 17 
Reagents
The concentrations of total cholesterol, choline-containing phospholipids, and triglycerides in serum were determined enzymatically, with use of a commercially available kit:
Determiner TC"555" (Kyowa Medex Co., Tokyo) (5) for total cholesterol, PL kit K (Nippon Shoji Co., Osaka, Japan) (7) for choline-containing phospholipids, and Determiner TG (Kyowa Medex) (8) for triglycerides. The lipid components in each fraction isolated by the sequential ultracentrifugal floatation (UC) method were measured by use of the same enzymatic reagent as used for serum. We monitored the cholesterol concentration in the flow system of the HPLC method by using the same reagent as used for serum, but in the case of choline-containing phospholipids a commercial kit for AutoAnalyzers (PL kit K"f", Nippon Shoji) was used as described previously (14). All other chemicals were of the highest reagent grade commercially available. 
Procedures
Calibration of gel permeation columns:
We calibrated gel permeation columns by using as standards globular proteins with a known Stokes' diameter, and also spherical lipoproteins that we prepared from human serum by ultracentrifugation. The particle diameter of lipoproteins used for calibration was determined by electron microscopy with negative staining. NaCl solution (0.15 mollL) containing 5-10 .tg of the standard was injected into the HPLC apparatus, and the elution volume was determined by monitoring at A280 (flow rate, 0.40 mL/min). to the baseline at the elution volume corresponding to the particle diameter of each fraction. We calculated the concentration of cholesterol or choline-containing phospholipids from the percentage of the relative peak area and the concentration of cholesterol or choline-containing phospholipids in serum.
Results
Among various aqueous gel permeation columns (TSK-GEL), the G4000SW + G3000SW system is the best combination that we have found for analysis of all major lipoprotein classes in human serum at once (6, 7). We examined the relation between particle diameter and elution volume from the G4000SW + G3000SW column system used in this experiment.
As shown in Figure 1 , the logarithm of the particle diameter was linearly related to elution volume. This column system was found to be suitable for analysis of the particles with diameters from 4 to 30 nm. Particles larger than 40 rim eluted at the void volume of the columns (21.1 mL). The total permeation volume was estimated to be 52.0 mL, from the elution volume of glycyltyrosine. Figure 2 shows elution patterns of serum monitored with respect to cholesterol or choline-containing phospholipids and with use of the G4000SW + G3000SW system. At least five peaks are resolved according to particle-size.
From the relationship between elution volume and particle diameter (Figure 1 ), we found these five peaks to correspond to the major lipoprotein classes as follows: fraction 1 to chylomicrons + VLDL, fraction 2 to LDL, fraction 3 to HDL2, fraction 4 to HDL3, and fraction 5 to VHDL. The concentration of cholesterol or choline-containing phospholipids in each fraction was determined directly from the peak area of the elution pattern of serum as described in the Methods section. We determined the range of elution volume for each fraction, using the calibration curve of Figure 1 according to the particle-size range of the major lipoprotein classes. Peaks were differentiated by drawing a line perpendicular to the baseline at the elution volume corresponding to particle diameters of 30.0, 16.0, 10.0, and 8.0 nm, as illustrated in Figure 2 . The baseline was drawn between elution volumes of 20.0 and 40.0 mL.
As Table 1 shows, the reproducibility of the concentration of each lipoprotein as measured by the HPLC method was very good with respect to choline-containing phospholipids.
The standard deviation from the mean value for each fraction was 1 to 4 mg/L, and the coefficient of variation (CV) was <2%. Table 2 summarizes our precision data for quantitation of choline-containing phospholipids in the major density classes by the UC method. Table 3 lists the serum lipid concentrations in the three groups of subjects examined in this study. In addition, two patients with familial LCAT deficiency (15) were also exammed. A marked increase of the ratio of choline-containing phospholipids (PL) to total cholesterol (TC) was observed in the liver-disease group as compared with the normolipidemic and hyperlipidemic groups. A similarly high value for the PLITC ratio was also obtained for two patients with LCAT deficiency: 1.96 and 2.30.
The concentration of each chromatographic peak fraction was calculated according to the method mentioned above for serum from the subjects listed in Table 3 analysis evaluating the con-elation between these two methods and the parameters of these analyses are listed in Tables 4 and 5. In the normolipidemic group, very good correlations were obtained for the relation of fraction 2 to LDL, fraction 3 to HDL2, and fraction 4 to HDL3, the r values being 0.97-0.98, 0.96, and 0.84-0.87, respectively. The slopes of the regression line were all near 1 10.92-1.17) and the intercepts of the ordinate were satisfactorily near the origin. In contrast, the con-elation between fraction 5 and VHDL was poor, presumably owing to the problem in quantification of fraction 5 mentioned above. Correlation was also poor between fraction 1 and chylomicrons + VLDL in the normolipidemic group, probably because the amount of this fraction in these sera is near the detection limit of the methods. Other HPLC conditions as in Figure 2 CLINICAL CHEMISTRY, Vol. 29, No. 5, 1983 771
In the group of hyperlipidemics, similar good correlations were obtained for the pairs of fraction 1-chylomicrons + VLDL, fraction 2-LDL, fraction 3-HDL2, and fraction 4-HDL3. The good correlation between fraction 1 and chylomicrons + VLDL is ascribable to the concentration of this fraction in these sera being enough above the detection limit to allow a comparison. Again, the slopes of the least-squares line were all near to 1 (0.91-1.12) and the r values were 0.88-0.997. Fraction 5 and VHDL were also poorly correlated in this group.
On the other hand, the good con-elation in the lipid values for corresponding fractions between the two methods was lost in the liver disease group, particularly in the chylomicrons + VLDL and HDL3 fractions (Table 5 ). The LDL and HDL2 fractions had a satisfactorily significant con-elation to fractions 2 and 3, respectively (r = 0.92-0.93). However, the mean concentration of HDL2 fraction significantly exceeded that of fraction 3. These results suggest that the separation profile of serum lipoproteins in the liver disease group is different between the two methods-that is, fractions separated on the basis of particle size differ from those separated by density.
We examined by HPLC the size distribution of each lipoprotein density fraction isolated by the UC method. HDL3 fraction shifted to the area of the smaller diameter in the case of the liver diseases or LCAT deficiency, as illustrated in Figure 5 . Therefore, this peak was counted as part of fraction 5 in the HPLC method, which might make the correlation between fraction 4 and HDL3 poorer.
As for the subjects of these three groups and the two cases of LCAT deficiency, Figure 3 illustrates the individual data for lipoprotein concentration as measured by the two methods.
Discussion
We have developed a rapid method for serum lipoprotein analysis by combining two methods: separation by HPLC For the first two groups ( As for the liver-disease group, our comparison study clearly shows a decrease of con-elation between the two methods for lipoprotein analysis. This suggests that the particle-size distribution of lipoproteins differs from the density distribution in liver disease, perhaps owing to the presence of abnormal lipoproteins in dysfunction of the liver. As previously reported (7), the HPLC patterns for these subjects show disappearance of the major lipoprotein peaks and (or) appearance of variant lipoprotein peaks other than the major classes (subject 0 of Figure  2 ). Moreover, abnormal lipoproteins are present in this group, as demonstrated by the elution profile of each density class, e.g., heterogeneous peaks of the LDL and HDL2 fractions or the elution position of the HDL3 fraction as presented in Figures   4 and 5. These phenomena were observed in many of the liver-disease group examined in this study, and also in the two cases of LCAT deficiency.
This may explain the poor correlation between the two methods in the case of the liverdisease group.
In normal cases, where the density of the lipoprotein corresponds to the particle size-e.g., in the case of normolipidemia or hyperlipidemia without dyslipoproteinemiaeither of these two methods is suitable for lipoprotein analysis. In abnormal cases such as liver diseases and dyslipoproteinemia, which are associated with the appearance of lipoprotein variants, neither method is satisfactory.
Several techniques must be used concurrently for effective separation of all lipoproteins in such subjects. 
